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Semiconductor device having a nitride-based hetero -structure and method of manufacturing 
the 



(57) The object of the invention is to provide a sem- 
iconductor device having a nitride-based hetero-struc- 
ture in which an epitaxial nitride film has a uniformly flat 
surface at a single molecule level, and a method of eas- 
ily fabricating such a device. The object of the invention 



is achieved by providing a semiconductor device com- 
prising a sapphire substrate (1 ) whose c-surface is mod- 
ified to be nitride-surfaced, GaN buffer layer (2), N po- 
larity GaN layer (3), N polarity AIN layer (4), N polarity 
InN/lnGaN multi-layered device structure (5) : Al polarity 
AIN layer (6) : and GaN cap layer (7). 



FIG. J 
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Description 

BACKGROUND OF THE INVENTION 
1 . Field of the Invention 

[0001] The present invention relates to optically and/ 
or electronically active and/or passive semiconductor 
devices having a nitride-based hetero-structure mainly 
composed of InN or InN-based compounds (e.g., sem- 
iconductor laser diodes/light emitting diodes which have 
an excellent temperature characteristic to be used as a 
light source in optical communication, ultra-high speed 
optical control devices/optical modulators capable of 
working in a femto second range, resonant tunnel di- 
odes, ultra-high speed and ultra-high power and ultra- 
high power saving electronic devices, etc.), and to a 
method of manufacturing the same. The term "a com- 
pound mainly composed of InN" used herein refers to 
an InN-based compound which contains InN at 50% or 
more. The term "nitrogen (N) polarity surface or a sur- 
face equivalent to that surface" used herein refers to a 
polarized surface such as (001) or (101) plane having 
N polarity, and surfaces tilted 10 degrees or less from 
that surface. 

2. Description of the Related Art 

[0002] Nitride semiconductors mainly composed of 
gallium nitride (GaN) can be used as a material of UV 
and visible light emitting elements and ultra-high speed 
electronic devices. According to recent studies, it was 
found that indium nitride (InN) has an energy band-gap 
of about 0.7 eV or a value considerably lower than the 
hitherto reported one. From this it was suggested that 
InN-containing nitride semiconductors could cover a 
considerably wide energy band-gap range whose lower 
limit reaches as low as O.T eV. Further, the difference in 
the energy band-gap between InN and GaN becomes 
very large, resulting in such a large conduction band off- 
set as about 2 eV similar to the case in that between 
GaN and AIN. From this it is expected that nitrides sem- 
iconductor based hetero-structure devices mainly com- 
posed of InN or an InN-based compound will be stable 
over a considerably wide temperature range, and thus 
they will be profitably used as a material of basic optical/ 
electronic devices to support ultra-high speed and ultra- 
broad bandwidth optical communication expected to be 
introduced in the near future for transmitting a huge 
amount of visual information, for example, as a light 
source to support such optical communication, or as a 
power amplifier to amplify signals at a relay station of a 
network involved in such optical communication. 
[0003] Aluminum nitride (AIN), gallium nitride (GaN) 
and indium nitride (InN)-based nitride semiconductors 
have a hexagonal crystal structure. As for many hetero- 
structure devices obtained by depositing such semicon- 
ductors on a sapphire or silicon carbide (SiC) substrate, 



the c-axis of the crystal is essentially normal to the sur- 
face of the substrate. When epitaxy is used for growing 
AIN or GaN crystal, it is preferably carried out in such a 
manner as to allow the crystal to grow along the c-axis 

5 to exhibit cation elements such as Al or Ga on the sur- 
face of growing crystal ( t c polarity). However, what ef- 
fect the polarity of crystal mainly composed of InN or an 
InN-based compounds has on the epitaxy itself and the 
quality of the epitaxial film still remains unclear. Gener- 

io ally, however, it has been believed that nitride semicon- 
ductor materials, similarly to those composed of GaN, 
having -»-c polarity are preferable. For details in this 
point, see, for example, the following non-patent docu- 
ments: Y. Sato et al., "Polarity of high quality indium ni- 

15 tride grown by RF molecular beam epitaxy," Phys. Stat. 
Sol., (b) 228, No. 1, (2001), pp. 13-16, and A. 
Yoshikawa, etal., "in situ investigation for polarity-con- 
trolled epitaxy processes of GaN and AIN in MBE and 
MOVPE growth," Optical Materials 23, (20O3), pp. 7-1 4. 

2Q [O0O4] The crystal growth (hetero -epitaxy) itself of a 
compound semiconductor material mainly composed of 
InN or an InN-based compound is extremely difficult be- 
cause the equilibrium vapor pressure of InN is very high . 
For the resulting epitaxial film to be suitably used as a 

25 material of optical devices for optical communication or 
of high-speed and high-power and high power saving 
electronic devices, it must have an ultra-thin thickness 
and ultra-abrupt hetero -structural interfaces. However, 
ft is difficult at present to obtain epitaxial films of InN or 

30 InN-based compounds which are atomicatly flat as is 
achieved by a so-called step flow growth process for 
other semiconductor materials. Moreover the crystal 
quality of an epitaxial film obtained by a conventional 
process is poor and not enough for device applications. 

33 Thus, the conventional epitaxy process must be signif- 
icantly improved so as to produce an epitaxy film from 
InN or an InN based compound exhibiting a satisfactory 
crystal quality. 

40 DISCLOSURE OF THE INVENTION 

[0005] An object of the invention is to provide a sem- 
iconductor device having a nitride-based hetero-struc- 
ture mainly composed of InN or InN-based compounds 

•*5 where nitride epitaxial films are uniformly flat at a mono- 
layer level, and a method for easily fabricating such a 
device, the method being characterized by paying at- 
tention to the effect of polarity of growing crystals on the 
epitaxy itself as well as the performance of the device. 

so [0006] Another object of the invention is to provide a 
method of manufacturing a high quality nitride-based 
epitaxial film and for fabricating a hetero-structural de- 
vice incorporating such a film, the method being char- 
acterized by forming an epitaxial film at higher temper- 

55 atures than used in conventional epitaxy. . 

[0007] Another object of the invention is to provide a 
method for rapidly forming a nitride film and hetero-junc- 
tion structure incorporating such a film, and for fabricat- 
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ing such devices on enlarged substrate. 
[0008] A semiconductor device having a nitride- 
based hetero-structure according to the invention has a 
nitride-based hetero-structure mainly composed of InN 
or an InN-based compound in which the crystal has, at 
least partly, an N polarity surface or surfaces equivalent 
to that surface. 

[0009] A method of manufacturing a semiconductor 
device having a nitride-based hetero-structure is char- 
acterized by forming, in the device, a nitride-based het- 
ero-structure mainly composed of InN or InN-based 
compounds in which the crystal has, at least partly, an 
N polarity surface or a surface equivalent to that surface. 
[0010] The present invention allows an epitaxial film 
or crystalline semiconductor material to be formed in 
which the crystal has, at least partly, an N polarity sur- 
face or a surface equivalent to that surface (e.g., surface 
tilted 1 OQ or less from that surface). Because of this, 
even when epitaxy is performed in an atmosphere en- 
riched with an excess amount of nitrogen, it is possible 
to carry out epitaxy at a high temperature, and to pro- 
duce a film having an atomicaily flat surface as is 
achieved by the two dimensional step flow process. 
Briefly, according to the invention, it is possible to pro- 
vide a semiconductor device having a nitride-based het- 
ero-structures in which an epitaxial layer has a uniformly 
flat surface at a mono-layer level which leads to the im- 
proved quality of the device, and a method enabling the 
easy fabrication of such a device. It should be noted in 
this connection that the formation of an epitaxial film 
composed of InN or an InN-based compound is very dif- 
ficult and has never been amenable to conventional two 
dimensional step flow processes, exceptforthe method 
of the present invention. 



Fig. 6 shows the polarity of InN analyzed by co-axial 
impact-collision ion scattering spectroscopy (OAI- 
CISS). 

Fig. 7 A is a photograph of the surface of an InN epi- 
taxial film taken by scanning electro nmicroscopy, 
and Fig. 7B is a photograph of the surface of an InN 
epitaxial film taken by atomic force microscopy. 
Fig. 8 shows the evaluation of an InN epitaxial film 
based on its X-ray diffraction analysis: the full width 
at the half maximum of the rocking curve is 233 and 
970 arc sec for (002) and (102) surfaces, respec- 
tively, and the electron mobility is 2000 cm 2 /V.sec 
or a considerably high value. 

Fig. 9 shows the constitution of a semiconductor de- 
vice representing a first embodiment of the inven- 
tion. 

Fig. 10 shows the constitution of a semiconductor 
device representing a second embodiment of the 
invention . 

Fig. 11 shows the constitution of a semiconductor 
device representing a third embodiment of the in- 
vention. 

Fig. 12 shows the constitution of a semiconductor 
device representing a fourth embodiment of the in- 
vention. 

Fig. 13 shows the constitution of a semiconductor 
device representing a fifth embodiment of the inven- 
tion. 

Fig. 14 shows the constitution of a semiconductor 
device representing a sixth embodiment of the in- 
vention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 



BRIEF DESCRIPTION OF THE DRAWINGS 
[001 1 ] 

Fig. 1 is a cross sectional view of a semiconductor 
device of the invention which has nitride-based het- 
ero-structures. 

Fig. 2 is an epitaxy system for fabricating a semi- 
conductor device of the invention which has nitride- 
based hetero -structures. 

Fig. 3 shows an exemplary growth sequence of InN 
on an N polarity GaN template. 

Fig. 4 compares the two cases of InN crystal growth, 
one for In polarity growth and the other for N polarity 
growth in terms of the dependency of InN film for- 
mation on the ambient temperature, while other 
conditions are kept unchanged, where molecular 
beams are adjusted in both cases such that the sup- 
ply of N slightly exceeds that of In from a stoicheo- 
metric consideration. 

Fig. 5 shows the results of in-situ observation of InN 
growth on GaN achieved by spectroscopic ellip- 
sometry (SE). 



[0012] Semiconductor devices having a nitride-based 
hetero-structure representing the preferred embodi- 
ments of the invention and methods for fabricating such 
devices will be described in detail below with reference 
to the attached drawings. 

[0013] Fig. 1 is a cross sectional view of a semicon- 
ductor device of the invention which has nitride-based 
hetero-structures. The semiconductor device illustrated 
here comprises a sapphire substrate 1 whose c-surf ace 
is nitrided, buffer layer 2 constituted with GaN, InN or a 
quaternary compound such as AIGalnN, N polarity GaN 
layer 3, N polarity AIN layer 4, N polarity InN/lnGaN mul- 
ti-layered device structure 5, Al polarity AIN layer 6, and 
GaN cap layer 7. 

[OOI 4] Fig. 2 is an epitaxy system for producing a 
semiconductor device of the invention which has nitride- 
based hetero-structures. Fig. 3 shows an exemplary 
growth sequence of InN on an N polarity GaN template. 
The epitaxy system illustrated in Fig. 2 comprises a main 
chamber 11 , load lock chamber 12, co-axial impact col- 
lision ion scattering spectroscopy (CAICISS) 13, RF 
plasma cell 14 for supplying nitrogen, spectroscopic el- 
lipsometer (SE) 15, ultrahigh-vacuum scanning tun- 
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neling microscope/atomic force microscope 16, and re- 
flection high energy electron beam diffraction meter 17. 
[0015] Fig. A compares the two cases of InN crystal 
growth, one for In polarity growth and the other for N 
polarity growth in terms of the dependency of InN film 
formation on the ambient temperature, while other con- 
ditions are kept unchanged, where molecular beams are 
adjusted in both cases such that the supply of N slightly 
exceeds that of In from a stoicheometric consideration. 
The temperature range over which the rate of film for- 
mation drops sharply with the increase of temperature 
is marked by a hatched long band for either case. These 
bands indicate the best temperature range for epitaxy 
for the respective cases. The best temperature range 
forthe formation of an N polarity InN film is about 1 OOQC 
higher than the counterpart for the formation of an In 
polarity InN film. Once droplets of In appear on the sur- 
face of growing InN crystal, they interfere with the 
growth of the InN crystal. Thus, it is necessary to mini- 
mize the development of In droplets on the surface of 
growing InN crystal during formation of the epitaxial film. 
When InN is grown to have N polarity, film formation can 
occur at highertemperatures than in the case where InN 
is grown to have In polarity, which makes N polarity InN 
more advantageous because the high temperature is ef- 
fective for suppressing the formation of In droplets. 
Moreover, the high temperature stimulates the surface 
migration of adatoms responsible for the formation of 
InN film which wilt contribute to the uniform formation of 
the high quality film. True, regardless of whether InN is 
grown to take N or In polarity, it is possible to elevate 
the highest temperature level compatible with epitaxy 
by increasing the overall supplies of source elements. 
Even in that case, the precedence of N polarity InN over 
In polarity InN is invariable. 

[0016] Fig. 5 shows the results of in-situ observation 
of InN growth on GaN achieved by spectroscopic ellip- 
sometry (SE). Fig. 6 shows the polarity of InN analyzed 
by CAICISS. Fig. 6 shows both the GaN substrate and 
InN epitaxial film have N polarity. 

[0017] Fig. 7A is a photograph of the surface of an InN 
epitaxial film taken by scanning electron microscopy, 
and Fig. 7B is a photograph of the surface of an InN 
epitaxial film taken by atomic force microscopy. Both fig- 
ures show that the InN epitaxial film has a very smooth, 
flat surface thanks to the two-dimensional step flow 
growing process employed for the formation of the film. 
£0018] Fig. 8 shows the evaluation of an InN epitaxial 
film based on its X-ray diffraction analysis: the full width 
at the half maximum of the rocking curve is 233 and 970 
arc sec for (002) and (102) surfaces, respectively, and 
the electron mobility is 2000 cm 2 /V.sec or a considerably 
high value. 

[001 9] . According to the invention . it is possible to fab- 
ricate an InN-based nitride semiconductor device much 
more easily as described above or a high quality hetero- 
junction device with abrupt hetero- interfaces incorporat- 
ing ultra-thin InN films by molecular beam epitaxy (MBE) 



than is possible with conventional techniques, the meth- 
od being characterized by adjusting the condition of film 
formation such that the surface of growing InN crystal 
or a surface equivalent thereto takes N polarity. 

s [0020] Fig. 9 shows the constitution of a semiconduc- 
tor device representing a first embodiment of the inven- 
tion. The device takes the form of a general quantum 
hetero-structure laser diode. However, it may serve as 
a light emitting diode. This device has features as de- 

fo scribed in the following paragraphs (1) to (5). 

[0021] (1 ) The c-surface of a sapphire substrate is ni- 
trided orturned into N polarity AIN on which an N polarity 
GaN buffer layer and N polarity GaN basement layer are 
deposited. 

is [0022] (2) AIGaN layer which serves as a barrier to 
confine carriers (this layer consists of an AIGalnN layer 
having an arbitrary composite ratio so that it has a wider 
energy band-gap than does the active layer). 
[O023] (3) The active layer includes N polarity InN/ln- 

20 GaN quantum well layers. Although the active layer 
mainly consists of InN/lnGaN quantum well layers, it is 
also possible to contain well layers composed of InGaN 
layers and barrier layers composed of AIGalnN layers. 
The compositions of the well layer and barrier layer are 

25 determined by the wavelength of light to be emitted. 
Both the quantum well layer and barrier layer may have 
a thickness also appropriate to the wavelength of light 
to be emitted, which generally ranges from the thickness 
of a single mono layer to 1 0 nm. The repetition cycle of 

30 quantum wells is 1 to 20. The wavelength of light to be 
emitted is 0.8 to 1 .8 u.m. 

[0024] (4) In order to assume the formation of GaN 
and AIGaN films following deposition of the active layer 
occurs in +c polarity (that is, Al, Ga or I n polarity or cation 

35 element polarity), deposition of the active layer is fol- 
lowed by deposition of a polarity reversed AIN layer (N 
polarity growth is reversed into Al polarity growth during 
the deposition of the AIN layer). This layer is introduced 
to support the atomically flat film formation and in- 

40 creased doping efficiency in the successive formation 
of a p-type AIGaN layer and GaN layer. However, intro- 
duction of this layer is not always necessary, because 
the same film formation in c polarity (N polarity or an- 
ion element polarity) may serve for the purpose as well. 

4S [0025] (5) The device includes a highly doped p-type 
GaN layer with Ga polarity and a p-type contact on its 
surface. 

[0026] Fig. 10 shows the constitution of a semicon- 
ductor device representing a second embodiment of the 

50 invention. The device takes the form of a laser diode 
containing quantum dots in the active layer, but may also 
serve as a light emitting diode. This device has features 
as described in the following paragraphs (1) to (3). 
[0027] (1 ) The active layer consists of In N/GaN super- 

55 lattice layers comprising InN quantum dots. The quan- 
tum dots together with barrier layers of the active layer 
and basement layers may be composed of InGaN de- 
pending on the wavelength of emitted light; The size of 
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dots and thickness of each layer are adjusted to fall with- 
in the range of several nm to 10 nm. 

[0028] (2) The active layer has, on both upper and 
lower ends, AIGaN layers which serve as barriers to 
confine carriers. 

[0029] (3) The concept for designing the device of this 
embodiment is the same as in the embodiment shown 
in Fig. 9, except that in this embodiment the active layer 
consists of InN/GaN super-lattice layers comprising InN 
quantum dots. 

[0030] Fig. 11 shows the constitution of a semicon- 
ductor device representing a third embodiment of the 
invention. This device takes the form of an InN-based 
high electron mobility transistor (HEMT). This device 
has features as described in the following paragraphs 
(1)to(3). 

[0031] (1) The device has a HEMT structure based on 
a two-dimensional electron gas layer generated as a re- 
sult of piezo-electric effect developed at a hetero-inter- 
face between a high resistance N polarity GaN and an 
overlying InN/GaN Layer (or InGaN/AIGaN). 
[0032] (2) The gate electrode has a thin, high resist- 
ance AIGaN layer beneath it which serves as a gate in- 
sulating film. 

[0033] (3) It is possible to form a two-dimensional 
electron layer just beneath the gate insulating film by 
depositing a very thin Al polarity AIN for polarity inver- 
sion prior to the formation of the gate insulating film, 
which causes the AIGaN layer to have -i-c polarity, and 
by appropriately treating strains developed between this 
layer and the InN layer. 

[0034] Fig. 12 shows the constitution of a semicon- 
ductor device representing a fourth embodiment of the 
invention. This device takes the form of an electric field- 
based photo-modulator. This device has features as de- 
scribed in the following paragraphs (1) to (3). 
[0035] (1) This device is designed based on the con- 
cept used for designing the first embodiment shown in 
Fig. 9, except for its input and output portions. 
[0036] (2) Light is modulated via voltage/electric field 
externally applied. 

[0037] (3) The direction of incident light and modulat- 
ed light is in parallel with or normal to the plane of quan- 
tum well structure. 

[0038] Fig. 13 shows the constitution of a semicon- 
ductor device representing a fifth embodiment of the in- 
vention. This device takes the form of an optical or elec- 
trical photo-modulator (utilizing electron transition in a 
band (intraband or inter-subband) or between different 
bands (interband) within a quantum well)- This device 
has features as described in the following paragraphs 
(1)to(2). 

[0039] (1) This device includes InN/GaN quantum 
wells. For the controlled light (modulated light) to be 
used as a medium in optical communication, it is possi- 
ble to stimulate the transition of electrons between sub- 
bands of a quantum well by means of a controlling light 
beam (or modulating light beam), to thereby modulate 



the absorption of the light at a ultra-high speed by the 
transition of electrons. Alternatively, if the relationship of 
the controlling light with the modulated light is reversed, 
the device may be used as another photo-modulator. 
5 [0040] (2) The quantum well may be composed of In- 
GaN/AIGalnN. Then, it is possible to alter the wave- 
length of emitted light over the range of O S to 1.8 jj.m 
by changing the thickness of the active layer in the quan- 
tum well. 

to [0041] Fig. 14 shows the constitution of a semicon- 
ductor device representing a sixth embodiment of the 
invention. This device takes the form of an optical or 
electrical photo-modulator (utilizing electron transition 
in a band (intraband or inter-subband) or between dif- 

15 ferent bands (interband) within a structure containing an 
active layer and quantum dots). This device has fea- 
tures as described in the following paragraphs (1 ) to (2) . 
[0042] (1 ) This device contains quantum dots in its ac- 
tive layer as distinct from the photo-modulator illustrated 

so in Fig. 1 3. Thanks to this feature, limitations imposed on 
the direction of impinging light are eliminated. 
[0043] (2) This device is designed based on the con- 
cept used for designing the fourth embodiment shown 
in Fig. 12. The relationship of the controlling light with 

25 the controlled light, and the wavelength of controlled 
light can be altered as well. 

[0044] This invention is not limited to the embodi- 
ments cited above, but permits many modifications and 
variations. 

30 [0045] For example, it is possible to confer quantum 
dots to part of an epitaxial film having N polarity or a film 
having an equivalent feature, or to part of a semicon- 
ductor device (e.g. , quantum dot laser diode or the like) 
by appropriately adjusting the conditions required for the 

35 formation of the film or device. In the formation of such 
a film, or in the fabrication of such a device, the features 
specified in the invention are necessary for forming het- 
ero -structures having an active layer containing stacked 
quantum dots layers as well as cladding layers whose 

40 quality is sufficiently high to be applied for the fabrication 
of semiconductor devices. Moreover, it is possible to 
manufacturing the semiconductor device according to 
the present invention by means of other technology (e. 
g. MOVPE) except for the MBE. 

45 

Claims 

1 . A semiconductor device having a nitride-based het- 
50 ero-structure mainly composed of InN or an InN- 

based compound which comprises crystal having, 
at least partly, a nitrogen polarity surface or a sur- 
face equivalent to that surface. 

55 2. a method of manufacturing a semiconductor device 
having a nitride-based hetero-structure mainly 
composed of InN or an InN-based compound com- 
prising a step of forming, in the device, crystal hav- 
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ing, at least partly, a nitrogen polarity surface or a 
surface equivalent to that surface. 
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FIG. 9 
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FIG. 11 
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FIG. 12 
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